Losses in channel flows are usually determined using a frictional head loss parameter. Fluid friction is however not the only source of loss in channel flows with heat transfer. For such flow problems, thermal energy degradation, in addition to mechanical energy degradation, add to the total loss in thermodynamic head. To assess the total loss in a channel with combined convection and radiation heat transfer, the conventional frictional head loss parameter is extended in this study. The analysis is applied to a 3D turbulent channel flow and identifies the critical locations in the flow domain where the losses are concentrated. The influence of Boltzmann number is discussed, and the best channel geometry for flows with combined heat transfer modes is also determined.
Introduction
Thermodynamic irreversibility reduces the efficiency of all practical momentum and heat transfer processes. The measurable effects of thermodynamic irreversibility in a flow through a channel are the drop in pressure and temperature. The non-measurable effects involve entropy generation. A loss in total head is thus related to entropy generation. This relationship can be written as [1] (1) and shows that the friction head loss term in the energy equation is a measure of the thermodynamic irreversibility associated with momentum transfer, i.e. mechanical energy degradation.
In flows involving heat transfer, thermal energy degradation also occurs in addition to the mechanical energy degradation. The objective of this work is to use an extended form of Equation (1) to study both mechanical and thermal energy degradation in a 3D channel with combined radiation and convection heat transfer. Such flow problems are important in high-temperature applications, such as solar energy collectors, nuclear reactors, and electronic equipments. The FLUENT  6.3 CFD code is employed to solve the governing equations. The problem schematic is shown in Figure 1 and consists of a 10 m long 3D channel with aspect ratio 0.5 H W = . Turbulent flow is considered.
Theory

Governing Equations
The equations for mass, momentum and energy transfer in the channel can be written in Cartesian tensor form as following, respectively: 
where, u is a velocity component, ρ is the density, m k is thermal conductivity, p c is specific heat, Pr t is the turbulent Prandtl number, and t µ and eff µ are the turbulent and effective turbulent viscosities, respectively. They are computed as following:
Here, 0.0845 C µ = is a model constant, k is the turbulent kinetic energy, and ε is the turbulence dissipation rate. k and ε are determined by solving two additional transport equations [2] .
Evaluation of the energy equation requires knowledge of the radiative intensity field. This is obtained by solving the radiative transfer equation (RTE), with its boundary condition for opaque surfaces [3]: 
Here, a κ and s κ are the radiative absorption and scattering coefficients, respectively, λ is wavelength, I λ is spectral intensity, b I λ is blackbody spectral intensity, Φ is the scattering phase function, Ω is solid angle, n is a unit surface normal vector, r is a unit position vector, s is a unit direction vector, and w ε is the wall emissivity.
Once the intensity distribution is known, the radiative source term in the energy equation is computed as follows
Solution parameters are presented in Table 1 .
Thermodynamic Head Loss
For channel flows in thermal equilibrium with the reference state at temperature 0 T heat transfer effects can be neglected, and viscous dissipation is the only irreversible process (electric and magnetic fields, chemical reactions, and other sources of irreversibility are not considered in this study). The frictional head loss in Equation (1) then gives an exact measure of thermodynamic irreversibility. However, for flows involving heat transfer, the friction head loss is only a measure of mechanical energy degradation. When momentum and heat transfer (including radiation and convection) occur, a thermodynamic head loss can be introduced that include both mechanical and thermal energy degradations as following:
Here, f h , is the conventional head loss due to viscous dissipation, cc h is the head loss due to heat conduction and convection, and r h is the head loss due to thermal radiation. These head loss terms can be computed as following
The radiation term has two parts: the first part accounts for losses due to absorption, emission and scattering of radiation heat in the medium, and the second part are the losses that occur near solid surfaces due to wall radiation 
Computation of Local Entropy Generation Rates
The local entropy generation rates in Equations (13)-(16) are computed following procedures discussed in previous studies: 1) For viscous dissipation in turbulent flow [4] ( )
where, Φ is the viscous dissipation function.
2) For heat conduction and convection in turbulent flow [4] 2 , 2
3) For radiation absorption, emission, and scattering in semitransparent medium [5] ( ) 
4) For radiation absorption-emission processes at the solid walls [6] ( ) 
where, b k is Boltzmann's constant, h is Planck's constant, and c is the speed of light. The solvers in FLUENT are assigned a UDF (user defined function) for solving Equation (13) and Equation (14). Equation (15) and Equation (16) are solved with a FORTRAN 77 program. The solution methodology is discussed in [6] .
Results and Discussion
Grid independence study was carried out to ensure that essential physics were not strongly dependent on grid size. It was assumed that maximum errors occurred in high-temperature-gradient and high-velocity gradient regions. The grid in the high-gradient regions was refined until the change in entropy generation rates were less than 1%. The final grid consisted of 200,000 cells with near-wall cell clustering. The mesh view is shown in Figure 1 . Figure 2 shows cross-section slices and iso-surfaces of the computed velocity and temperature fields. The velocity field quickly develops into a small near-wall zone with strong gradients, and a much larger channel center zone with an almost uniform velocity. This is because of the low viscosity and no-slip boundary condition employed. The temperature field also quickly establishes a high temperature zone at the channel center, and a high-temperature gradient near-wall zone at the entrance region of the channel.
The frictional and heat transfer head losses are shown in Figure 3 . The velocity and temperature fields determine how these losses are distributed in the channel. Losses due to heat conduction and convection are dependent on the local temperature gradients (see Equation (14)). The conduction and convection head losses are high in locations with strong temperature gradients. Frictional head losses are significant in regions with high velocity gradients. The high temperature and high velocity gradient regions are identified in Figure 2 . These critical regions are located at the near-wall zone, mainly in the first half of the channel. In accordance, the head losses due to heat conduction and convection, and viscous dissipation are significant near the solid walls in the beginning half of the channel.
While heat conduction and convection, and viscous dissipation are short-range phenomena, thermal radiation is a long-range phenomenon. Hence, the thermal radiation head losses are determined by the entire temperature field. In general, the radiation entropy generation is most important in high-temperature regions. Thus the radiation head losses are also relatively very strong at the channel center in the first half of the channel, where the fluid is hottest.
Overall, the total head loss is for 50% due to heat conduction and convection. Radiation absorption, emission and scattering processes in the medium account for 30% of the total head loss, while wall radiation processes account for 20%. The total radiation effect is thus as important as that of heat conduction and convection in the high-temperature flow. Total loss in head due to viscous dissipation can be neglected. Viscous effects usually become important only when heat transfer effects can be neglected.
It is important to notice that most of the head losses occur in the near-wall zone. Hence, thermodynamic optimization of the channel flow should involve reducing the influence of this critical region. This can be achieved by reducing the wall surface area of the channel. The results, in which the channel aspect ratio is varied at constant channel volume, are shown in Figure 4 . It can be seen that the total losses in thermodynamic head are minimized in the channel with aspect ratio 1 (square channel). The square channel has the smallest surface area for a given channel volume, and thus the smallest critical near-wall zone. In the square channel, 60% of the total loss in thermodynamic head is due to thermal radiation. The radiation effects in the medium in this case are about 5% larger than that at the walls. A method to reduce the influence of radiation is discussed below.
In combined radiation and convection heat transfer problems, Boltzmann number approximately represents the ratio of convection to radiation heat transfer. Boltzmann number can be defined as:
where, σ is the Stefan-Boltzmann constant. Since thermal radiation is the main irreversible process in the square channel, increasing Boltzmann number may reduce the overall losses in thermodynamic head. The parametric study showing the effects of Boltzmann number is presented in Figure 5 . Both, the percentage radiation head losses and the total thermodynamic head losses, reduces with increasing Boltzmann number. Thus, in combined radiation and convection heat transfer, the thermodynamic losses are lower when the fraction of heat transported by radiation is reduced. 
Conclusions
The conventional frictional head loss parameter is extended in this work to account for both mechanical and thermal energy degradation in flows involving heat transfer. The new head loss parameter is applied in the analysis of a 3D channel flow with combined radiation and convection heat transfer. The results show that: 1) Thermodynamic head losses in high-temperature flow occur mainly at the channel near-wall zone.
2) The size and influence of this zone is minimized in square channels.
3) Radiation head losses can be very strong in channels flows with combined radiation and convection heat transfer.
4) Large Boltzmann number should be selected for channel flows with combined radiation and convection heat transfer in order to reduce the total thermodynamic head losses.
